These growth factors induce endothelial cells from the pre-existing vasculature to migrate, grow and differentiate to shape new capillaries. 3, 4 Arteriogenesis, the maturation of pre-existing collaterals into arterioles, [5] [6] [7] [8] is induced by inflammation, shear stress and circumferential stretch on the vascular wall after occlusion, mainly proximal to the occlusion. Inflammatory cells such as macrophages, monocytes, but also CD4+ and CD8+ T cells adhere and invade into the vascular wall and produce inflammatory cytokines, chemokines and growth factors, which cause further maturation of arterioles and induce angiogenesis. Subsequently, smooth muscle cells proliferate and migrate towards the vessel wall, resulting in full functional arterioles. 7, 9, 10 Both angiogenesis and arteriogenesis are essential for accurate neovascularization, to restore blood flow after arterial occlusions.
For the production of inflammatory cytokines, chemokines and growth factors, inflammatory cells require activation.
Substantial activators are pattern recognition receptors, such as toll-like receptors (TLR). 11, 12 TLR3 expressed in intracellular vesicles recognizes dsRNA, which activates a Toll/interleukin-1 receptor domain-containing adapter-inducing interferon-β protein (TRIF)-dependent pathway. The TLR3-TRIF pathway induces type-I IFN production, via interferon regulatory factor (IRF)3 and IRF7 phosphorylation, and pro-inflammatory cytokine production via transcription factors nuclear factor kappa-light-chain-enhancer of activated B cells (NFĸB). [12] [13] [14] [15] IRF3 and IRF7 are mainly phosphorylated downstream TLR3, but might also be partly activated via other TLRs (eg TLR4, TLR7, TLR9). 12, 15 It is assumed that
NFĸB activation results in pro-inflammatory cytokine production and IRF3/IRF7 phosphorylation results in type-I IFN production.
However, it is observed that TLR3 can also activate pro-inflammatory transcription factors via IRF3 and IRF7 and may be potential regulators of cell proliferation and survival. [16] [17] [18] [19] Since neovascularization is mainly induced by pro-inflammatory cytokines and growth factors, we hypothesize an important role for IRF3 and IRF7 in arteriogenesis and angiogenesis.
In the current study, we aimed to elucidate the role of IRF3
and IRF7 in vivo in post-ischaemic neovascularization in a hind limb ischia (HLI) mouse model, using wild-type C57BL/6, Irf3 −/− and
| MATERIAL AND ME THODS

| Mice
This study was performed in compliance with the Dutch government guidelines and the Directive 2010/63/EU of the European Parliament. All experiments were approved by the committee on animal welfare of the Leiden University Medical Center (Leiden, the Netherlands). For the experiments 10-18-week-old male mice were used. C57BL/6 mice were purchased from Charles River
Laboratories and Irf3
−/− and Irf7 −/− mice were kindly provided by Dr Taniguchi (University of Tokyo, Japan) and bred in our facility. 20 Mice were fed a chow diet ad libitum. Table S1 . Body weight at day of surgery (t = 0) and when killed (t = 28) was similar in the Irf3 −/− and Irf7 −/− mice compared to C57BL/6 mice.
| Murine HLI model
| Laser Doppler perfusion imaging
Post-ischaemic blood flow recovery was measured in the left ischaemic and right non-ischaemic paw of Irf3 −/− , Irf7 −/− and C57BL/6 mice with the use of laser Doppler perfusion imaging (LDPI) (Moor Instruments). 23 Blood flow was measured before and directly after surgery and at day 3, 6, 9, 14, 21 and 28. Paw perfusion was expressed as a ratio of left ischaemic to right non-ischaemic paw. 24 Before LDPI, mice were anaesthetized as described before 25, 26 with an intraperitoneal injection of midazolam (8 mg/kg) and medetomidine (0.4 mg/kg). After LDPI, anaesthesia was antagonized by subcutaneous injection of flumazenil (0.7 mg/kg). Mice were killed 28 days after surgery after the last LDPI via cervical dislocation after subcutaneous admission of analgesic fentanyl (0.08 mg/kg). The adductor, soleus and gastrocnemius muscles were harvested for either (immuno) histochemical analysis or RT-qPCR.
| Immunohistochemistry
Adductor muscles were fixed in 4% formaldehyde and embedded in paraffin, soleus and gastrocnemius muscles were snap frozen on dry ice and stored at −80°C. Fresh-frozen soleus muscles were cross sectioned in 6 μm slices with a cryostat and sections were fixated in acetone. To visualize endothelial cells, soleus muscle sections were stained with CD31 (BD Pharmingen).
Stained slides were photographed (20× magnification) with microscope photography software. The number of CD31+ structures was analysed with ImageJ, which was used to determine angiogenesis and was presented in absolute numbers of CD31+ structures per area.
| RNA isolation, cDNA synthesis and RT-PCR from adductor muscles
RNA was isolated from snap frozen gastrocnemius muscles 28 days after surgery as described before. 27 In brief, muscle tissues were crushed with mortar and pestle, while using liquid nitrogen to preserve sample integrity. RNA was isolated according to manufacturer's protocol using TRIzol Reagent (Life Technologies) (FFPE RNA isolation kit, Qiagen), after which sample concentration and purity were examined by nanodrop (Nanodrop RT-qPCR was performed using QuantiTect SYBR Green PCR Kit (Qiagen). GAPDH (Applied Biosystems) was used as a housekeeping gene. All RT-qPCRs were performed on a 7500/7500 Fast Real-Time PCR System (Applied Biosystems) and the 2-ΔΔCt method was used to analyse the relative changes in gene expression.
| Statistical analysis
All data are presented as mean ± SEM. In statistics software GraphPad Prism 7.0, statistical analyses on parametric data were performed by using a 2-tailed Student's t test to compare individual groups, Mann-Whitney test was used for nonparametric data. A 1-way ANOVA was performed on parametric data comparing more than two groups and a Kruskal-Wallis test was performed on nonparametric data, followed by Tukey's post hoc test. P value of <0.05
was considered significant.
| RE SULTS
| Impact of IRF3 and IRF7 on post-ischaemic blood flow recovery
To study the role of IRF3 and IRF7 in post-ischaemic blood flow recovery, we ligated the left femoral artery in C57BL/6, Irf3 −/− and FI G U R E 1 Post-ischaemic blood flow recovery Laser Doppler perfusion imaging was used to measure paw perfusion in Irf3 Data is presented as mean SEM; *P < 0.05, **P < 0.01, ***P < 0.001, Mann Whitney test was used. C57BL/6 n = 6, Irf3 −/− n = 9, Irf7 −/− n=7. 
| Angiogenesis in soleus muscles
To investigate the underlying cause of the reduced post-ischaemic blood flow recovery in Irf3 −/− and Irf7 −/− mice, we determined the angiogenic capillary formation in the soleus muscles of Irf3
mice. Soleus muscles of the left ischaemic and right non-ischaemic calf were stained with CD31 (Figure 2A-C) . The number of CD31+ cells, expressed as left ischaemic/right non-ischaemic, in the soleus muscle of Irf3 −/− mice (P = 0.02) and Irf7 −/− mice (P = 0.04) was decreased compared to C57BL/6 mice 28 days after surgery ( Figure 2D ). This suggests a decrease in angiogenesis. The number of CD31+ cells in the left ischaemic calf was significantly decreased in the soleus muscle of both , Irf7 −/− and C57BL/6 mice.
| Arteriogenesis in adductor muscles
In addition to angiogenesis, arteriogenesis also is an important process during neovascularization. To investigate arteriogenesis, adductor muscles were stained with aSMActin ( Figure 3A-C compared to C57BL/6 mice 28 days after surgery was decreased ( Figure 4G ). The number of macrophages per μm circumference in the left ischaemic adductor muscle was also significantly decreased in both Irf3 −/− (P = 0.002) and Irf7 −/− (P = 0.005) mice compared to C57BL/6 mice ( Figure 4H ). In the right non-ischaemic adductor muscle, Irf3 −/− and Irf7 −/− mice showed no differences in macrophages per μm circumference compared to C57BL/6 mice ( Figure 4I ).
| Perivascular accumulation of inflammatory cells
| mRNA expression of essential genes for arteriogenesis and angiogenesis
RNA from the gastrocnemius muscles was isolated and the mRNA expression of tnfα, ccl2, il6, il1β, sdf1, vegf164, vegfr1 and vegfr2 
| D ISCUSS I ON
In the present study, we observed a decreased post-ischaemic blood Since angiogenesis is induced via VEGF, it is interesting that we found a down-regulation of VEGR2 in the ischaemic muscles of IRF3
and IRF7-deficient mice. VEGF can bind to VEGR1, VEGFR2 and VEGFR3, but VEGFR2 is the main receptor transmitting VEGF signals. 30 The lack of VEGFR2 in the ischaemic tissue can (partly) explain the decrease in angiogenesis in IRF3 and IRF7-deficient mice compared to C57BL/6 mice. Interestingly, previously a relation between interferons, regulated by IRF3 and IRF7, and VEGF was observed.
IFNs were able to mediate VEFG production from human mast cells 31 and also in chronic myeloid leukaemia patients, imatinib in combination with pegylated-IFN-α2a was able to regulate VEGF levels. 32 Arteriogenesis is induced by inflammation, which results in the maturation of pre-existing collaterals into arterioles. 6 For optimal neovascularization and thus post-ischaemic blood flow recovery, both angiogenesis and arteriogenesis are essential. 21 We observed 
Irf7
−/− mice compared to C57BL/6 mice, which is characteristic for arteriogenesis since this is defined as the maturation of pre-existing collaterals. 21 Interestingly, we showed a decrease in inflammatory cells around the arterioles and decreased mRNA expression of inflammatory cytokines tnfα, ccl2 and il6 in the gastrocnemius muscles.
It is shown that several inflammatory cytokines and components are essential in the regulation of arteriogenesis such as TNFα, 33 as well as the CCR7-CCL19/CCL21 Axis, 7 NK cells and CD4+ T cells 34 and CD27-CD70 T cell co-stimulation. 25 We previously demonstrated that IRF3 regulates pro-inflammatory cytokines downstream TLR4 activation in vitro, in VSMCs and macrophages, prominent inflammatory cell types involved in arteriogenesis. 15 Together with the diminished inflammatory response observed here, this partly explains how IRF3 and IRF7 affect neovascularization.
Although from the current data on cytokine expression and macrophage presence at 28 days, it cannot be excluded that one might also conclude that due to the reduced neovascularization response, inflammatory cytokine expression is reduced and not vice versa.
Previous data from our and other groups have clearly shown that in early stage after induction of hind limb ischaemia hampered inflammatory responses lead to reduced neovascularization responses. 9, 10, 25, 34 The regulation of pro-inflammatory cytokines via IRF3 and IRF7, in general goes via the TRIF-NFĸB pathway. 12, 35 TRIF is also involved in TLR3-mediated type-I IFN production via IRF3 and IRF7 activation. It is suggested that activation of TLR3-TRIF can also suppress angiogenesis via initiation of apoptotic cell death. [36] [37] [38] [39] The ability of TRIF to induce apoptosis however, was not dependent on its ability to activate either IRF3 or NFĸB but was dependent on RIP, Fas-associated death domain, caspase-8-dependent and mitochondrion-independent pathway and the presence of an intact RIP homotypic interaction motif. 36, 37 Thereby, it was suggested that TRIF-IRF3-IRF7 pathway activation, TRIF-NFĸB pathway activation and apoptosis pathways are uncoupled and this can explain the differential functions of TLR3-TRIF in neovascularization. Remarkably, we showed a regulation of pro-inflammatory cytokines via IRF3 and IRF7, which indicates that there may be a linkage between the TRIF-IRF and TRIF-NFĸB pathways.
F I G U R E 5 mRNA expression of essential genes for arteriogenesis and angiogenesis. RNA was isolated of gastrocnemius muscles of Irf3 −/− , Irf7 −/− and C57BL/6 mice sacrificed 28 days after HLI, and used for RT-qPCR analysis. Relative mRNA expression is shown of (A) tnfα, showed, TRIF-NFĸB-mediated pro-inflammatory cytokines are important regulators of neovascularization. 9 In this respect, our results can only be partly explained by the effects of IFNβ and their IFNAR receptor. In addition, post-ischaemic blood flow recovery was measured in the paw of the mice, which was used to determine arteriogenesis. Both angiogenesis and arteriogenesis are essential for accurate neovascularization and post-ischaemic blood flow recovery. 21 In addition to arteriogenesis, which we determined by measuring the diameter of the arterioles in the adductor muscles of the Irf3 −/− , Irf7 −/− and C57BL/6 mice, we also measured angiogenesis in the soleus muscles.
The findings of the present study indicate that deficiency of IRF3
and IRF7 results in impaired post-ischaemic blood flow recovery caused by an attenuated angiogenesis and arteriogenesis linked to lack of inflammatory components in ischaemic tissue. In conclusion, IRF3 and IRF7 are essential regulators of neovascularization.
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